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Abstract
This review provides an overview of an animal model of binge-like ethanol drinking that has come
to be called “drinking in the dark” (DID), a procedure that promotes high levels of ethanol
drinking and pharmacologically relevant blood ethanol concentrations (BECs) in ethanol-
preferring strains of mice. Originally described by Rhodes et al. (2005), the most common
variation of the DID procedure, using singly housed mice, involves replacing the water bottle with
a bottle containing 20% ethanol for 2 to 4 hours, beginning 3 hours into the dark cycle. Using this
procedure, high ethanol drinking strains of mice (e.g., C57BL/6J) typically consume enough
ethanol to achieve BECs greater than 100 mg/dL and to exhibit behavioral evidence of
intoxication. This limited access procedure takes advantage of the time in the animal’s dark cycle
in which the levels of ingestive behaviors are high, yet high ethanol intake does not appear to stem
from caloric need. Mice have the choice of drinking or avoiding the ethanol solution, eliminating
the stressful conditions that are inherent in other models of binge-like ethanol exposure in which
ethanol is administered by the experimenter, and in some cases, potentially painful. The DID
procedure is a high throughput approach that does not require extensive training or the inclusion of
sweet compounds to motivate high levels of ethanol intake. The high throughput nature of the DID
procedure makes it useful for rapid screening of pharmacological targets that are protective against
binge-like drinking and for identifying strains of mice that exhibit binge-like drinking behavior.
Additionally, the simplicity of DID procedures allows for easy integration into other paradigms,
such as prenatal ethanol exposure and adolescent ethanol drinking. It is suggested that the DID
model is a useful tool for studying the neurobiology and genetics underlying binge-like ethanol
drinking, and may be useful for studying the transition to ethanol dependence.
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For many years, to study the neurobiology of alcoholism, pre-clinical research strategies
primarily relied on rodent models that involved voluntary consumption of ethanol, in which
rats or mice were given 24-hour/day access to ethanol solutions and water simultaneously in
separate bottles. However, voluntary ethanol consumption may not be the most appropriate
model for human alcohol abuse disorders, as most rodents typically consume low amounts
of ethanol that do not generate blood ethanol concentrations (BECs) thought to be
pharmacologically meaningful. Furthermore, alcohol abuse and alcoholism are complex
disorders and it is generally accepted that no single animal model will capture all the
features of the human condition (Crabbe et al., 2011; Rhodes et al., 2005). Thus, it has been
suggested that a more realistic alternative is to develop multiple partial models, each of
which is designed to study a subset of the features associated with alcoholism (Rhodes et al.,
2005). In recent years, several partial models have been utilized, including those that model
excessive ethanol intake stemming from ethanol dependence (Funk et al., 2007; Gilpin et al.,
2011; Roberts et al., 1996), excessive relapse-like ethanol drinking resulting from a period
of ethanol deprivation (Spanagel & Holter, 2000; Spanagel et al., 1996; Sparta et al., 2009),
and relapse-like ethanol-seeking behaviors triggered by cues previously paired with ethanol,
stress, or “priming” doses of ethanol (Lê et al., 1999, 1998; Liu and Weiss, 2002). These
models have been useful for discovering the neurochemical pathways and the neurocircuitry
modulating dependence-like and relapse-like phenotypes.
However, models of heavy alcohol use and binge alcohol drinking patterns, which can
emerge prior to the onset of dependence, have received far less attention. A ‘binge’ was
defined by the National Institute on Alcohol Abuse and Alcoholism (NIAAA) as a pattern of
drinking that produces BECs greater than 0.08% (80 mg/dL) (NIAAA, 2004). The pattern of
alcohol drinking required to produce these BECs is about 5 and 4 drinks in 2 hours for the
average adult male and female, respectively. The case for understanding the underlying
neurobiology of binge ethanol intake can easily be made by highlighting some of the
harmful consequences that are associated with this behavioral pattern. While about 90% of
the ethanol consumed by individuals under the age of 21 in the United States is in the form
of binge drinking, 70% of binge drinking episodes in the US involve adults age 26 years and
older (Naimi et al., 2003). Thus, binge drinking is not limited to the young but is a risky
behavior prevalent in adults. Frequent binge drinking entails numerous negative short- and
long-term consequences. Thus, binge drinking has been linked to an increased risk of mood
disorders (Okoro et al., 2004), aggressive and violent behavior (Shepherd et al., 2006), and
impaired decision making and judgment (Goudriaan et al., 2007). Furthermore, regular
binge drinking has been linked to long-term health consequences including heart disease,
high blood pressure, and type 2 diabetes (Fan et al., 2008). Perhaps most alarming is the
finding of an increased risk for developing alcohol dependence in individuals that binge
drink early in life (Hingson et al., 2005; Miller et al., 2007). Thus, it is of paramount
importance to identify neurochemical pathways in the brain that modulate binge drinking, as
such knowledge may provide insight into novel pharmaceutical treatments that could protect
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against this dangerous behavior. Pharmaceutical targets that are useful for curbing and/or
preventing binge drinking could not only help individuals avoid many of the health
consequences noted above, but may protect vulnerable individuals from progressing to the
point of ethanol dependence. In recent years, several pre-clinical animal models of binge-
like ethanol drinking have emerged. These models were designed with the primary goal of
establishing procedures that cause animals to achieve pharmacologically relevant BECs in a
short period of time. In the case of mice, a criterion of 100 mg/dL or greater has been
suggested because of the high rate of ethanol metabolism in mice (Crabbe et al., 2011). In
the present review, we focus on a mouse model of binge-like ethanol drinking originally
described by John Crabbe’s group (Rhodes et al., 2005) and which has subsequently come to
be called the “drinking in the dark” (DID) procedure. While previous investigators have
demonstrated that mice drink more ethanol during the dark cycle, a time when mice are most
active (Dole & Gentry, 1984), and have in fact used this knowledge to increase the level of
ethanol intake by mice (e.g., [Middaugh et al., 2003; Ryabinin et al., 2003]), Rhodes et al.
(2005) have provided the most detailed characterization of the parameters influencing
limited-access dark-cycle ethanol consumption in high ethanol drinking C57BL/6J mice.
DID Procedures and Influencing Factors
Rhodes and colleagues tested a variety of factors that influence the amount of ethanol
consumed by mice using variations of the DID procedure. Variations included ethanol
concentration, the length of time into the dark cycle that ethanol was offered, the source
from which the experimental mice were obtained, and mouse sex and strain (Rhodes et al.,
2005). The general DID procedure implemented by Rhodes et al. (2005) was to house
C57BL/6J mice (or other strains under consideration) individually and to replace the water
bottle with a bottle containing an ethanol solution. Mice were maintained on a 12-hour light,
12-hour dark cycle and mice received limited access to ethanol over 4 consecutive days in
most cases. There were no significant differences in the amount of ethanol consumed by
C57BL/6J mice (g/kg) over a 2-hour period when mice were given access to a 10, 20, or
30% ethanol solution, and 20% ethanol was chosen for subsequent experiments. Using a
paradigm in which mice received 20% ethanol in place of water for 2 hours over 4
consecutive days, different groups of mice received access to the ethanol solution beginning
1, 2, or 3 hours into the dark cycle. They found that mice drank significantly more ethanol
(4.19 ± 0.35 g/kg) and achieved higher BECs (106 ± 15 mg/dL) when ethanol was given 3
hours into the dark cycle, relative to initiating ethanol access 1 or 2 hours into the dark
cycle. Interestingly, when ethanol access was given over 2 hours on days 1–3 of the
procedure but extended to a 4-hour period on day 4, mice drank even greater levels of
ethanol (7.85 ± 0.38 g/kg) and achieved higher BECs (159 ± 15 mg/dL). An additional study
found that delaying the initiation of ethanol access to 4 hours into the dark cycle did not
augment ethanol intake beyond what was observed in mice receiving access beginning 3
hours into the dark cycle. Consistent with the literature, they noted that in general, female
C57BL/6J mice drank more than male mice, and that the DBA/2J strain of mice (1.5 ± 0.43
g/kg) drank significantly less ethanol than C57BL/6J mice (7.5 ± 0.24 g/kg), and achieved
significantly lower BECs (13 ± 8 mg/dL versus 140 ± 12 mg/dL, respectively) after 4 hours
of ethanol access. Rhodes et al. (2005) also noted that ethanol consumption was consistent
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within individual mice and reliably predicted BECs, and that the levels of ethanol intake on
days 2–4 of the standard 4-day test were significantly correlated with each other, but that
consumption on day 1 did not correlate with intake on any other day. This latter observation
suggests that at least 1 day of habituation to the procedure is necessary for DID
measurements to be reliable.
The highest ethanol consumption and associated BECs were achieved with the DID
procedure that used C57BL/6J mice, with 2 hours of 20% ethanol access on days 1–3
followed by 4 hours of 20% ethanol access on day 4 (Rhodes et al., 2005). Therefore, this
particular variation has been commonly used in experiments investigating the neurobiology
of binge-like ethanol drinking (e.g., Giardino & Ryabinin, in press; Kaur et al., 2012;
Lowery-Gionta et al., 2012; Lyons et al., 2008; Sparrow et al., 2012; Sparta et al., 2008).
However, other variations of this basic procedure have also been shown to generate reliable
levels of ethanol intake and high BECs. For example, Boehm and colleagues (Moore et al.,
2010) have used a procedure in which C57BL/6J mice are given 2 hours of access to 20%
ethanol in place of water 3 hours into the dark cycle, for a total of 28 days (with 3 weeks of
abstinence between the 14th day and 15th day of ethanol access). BECs measured on days
14 and 28 of the ethanol access showed that adult C57BL/6J mice achieved BECs well
above the 100 mg/dL level (Moore et al., 2010). Further, John Crabbe’s group has
developed 2 selectively bred, High Drinking in the Dark (HDID) lines of mice using a 2-day
variation of the DID procedure in which mice are given access to 20% ethanol for 2 hours
on day 1 and then for 4 hours on day 2. Originally selected from a heterogeneous stock of
mice (HS/Npt), HDID mice were tested after 11 generations of selective breeding, and 56%
of the HDID mice drank enough ethanol with this 2-day DID procedure to achieve BECs
above 100 mg/dL (Crabbe et al., 2009). Taken together, the factors associated with the DID
procedure that appear to be most important for achieving binge-like levels of ethanol
drinking and high BECs are a) the use of a high ethanol drinking line of mice, b) limited
access (2–4 hours) to an ethanol solution in place of water, and c) initiation of ethanol access
which begins 3 hours into the dark cycle.
In a follow-up study, Rhodes and colleagues asked if concurrent access to a bottle
containing water would influence measures observed with DID procedures (Rhodes et al.,
2007). Using a panel of 8 different inbred strains of mice, they compared ethanol intake and
associated BECs using the 4-day variation of the DID procedure in which mice were given
20% ethanol with or without concurrent access to a bottle of water. Interestingly, while
C57BL/6J mice consumed similar amounts of ethanol with or without water available (~6–7
g/kg), C57BL/6J mice with concurrent water availability achieved BECs which were on
average less than 80 mg/dL, while C57BL/6J mice with access to ethanol alone achieved
BECs that were on average greater than 120 mg/dL. Lower BECs when water is available
may be related to slower absorption of ethanol in the presence of water in the
gastrointestinal tract. At first glance these observations appear to suggest that water
availability does not alter the motivation to consume ethanol during DID procedures (i.e.,
thirst and/or lack of an alternate fluid source may not be a motivating factor for high ethanol
drinking). However, mice in this experiment were not ethanol-naïve, and thus potential
experimental carry-over effects prevent Rhodes et al. (2007) from firmly eliminating thirst
and/or lack of water availability as a motivating factor (this issue is further considered
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below). However, a recent paper showed that C57BL/6J mice achieved BECs of ~100
mg/dL when water was available using a 4-day DID procedure (though mice had prior
experience drinking a sucrose solution, again opening the door for a potential experimental
carry-over effect on subsequent ethanol intake) (Giardino & Ryabinin, 2013). These authors
argue that the inclusion of water with DID procedures is useful for assessing relative ethanol
preference and for providing an additional measure for assessing specificity of experimental
manipulations (i.e., pharmacological treatments or genetic manipulations) on ethanol intake.
Additionally, Rhodes et al. showed in a follow-up study that C57BL/6J mice exhibit
significant behavioral intoxication after 4 hours of binge-like ethanol drinking with the 4-
day DID procedure, evidenced by a significantly reduced latency to fall during rotarod
testing and an increased frequency of foot-slips in a balance beam test, relative to water-
drinking control mice (Rhodes et al., 2007). These observations reinforce the face validity of
the DID procedure as a model of human binge alcohol drinking, and replicate a previous
study showing that limited access ethanol drinking in C57BL/6J mice was associated with
behavioral intoxication (Sharpe et al., 2005).
Because DID procedures involve providing C57BL/6J mice with access to ethanol toward
the beginning of the dark cycle, it is possible that increased ethanol drinking may be related
to the high level of nocturnal ingestive behavior that is characteristic of mice (Ho and Chin,
1988; Tabarin et al., 2007). In fact, the highest levels of food intake in mice were found to
occur during the first 4 hours of their 12-hour dark cycle (Tabarin et al., 2007), the same
window of time during which mice are given access to ethanol using DID procedures. Since
ethanol contains calories, this raises the possibility that increased ethanol drinking
associated with DID procedures results from presenting ethanol during a time of high caloric
need, rather than an increased motivation to drink ethanol for its post-ingestive
pharmacological effects. To address this concern, we performed a series of experiments
designed to manipulate caloric need in C57BL/6J mice exposed to DID procedures (Lyons
et al., 2008). In one experiment, mice were food-deprived between 0 and 10 hours before
and during DID procedures. We reasoned that if ethanol were the only source of calories
during DID procedures, ethanol intake would be increased relative to mice with free access
to food if the caloric need hypothesis is correct. However, food deprivation failed to alter the
level of binge-like ethanol drinking or associated BECs. Furthermore, peripheral
administration of ghrelin, an orexigenic gut peptide (Wang et al., 2002), or leptin, an
anorectic protein synthesized in adipose tissue (Prpic et al., 2003), failed to influence binge-
like ethanol drinking with DID procedures in doses that increased or decreased food intake,
respectively. Interestingly, although we did not discuss this point previously (Lyons et al.,
2008), the observation that mice with varying amounts of food deprivation did not exhibit
lower levels of binge-like ethanol drinking relative to mice with ad libitum access to food
also makes a strong case against the idea that high ethanol intake (in the absence of water
availability) stems from postprandial (feeding-induced) thirst. Taken together, these data are
inconsistent with the hypotheses that increased ethanol drinking stemming from DID
procedures results from increased caloric need from food deprivation or thirst resulting from
eating food, and reinforce the idea that mice exhibit binge-like ethanol drinking with DID
procedures for the post-ingestive pharmacological effects of ethanol.
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The Advantages of DID Procedures in Modeling Binge-Like Ethanol
Drinking
One of the clear advantages of DID is that it promotes pharmacologically meaningful BECs
in an experimenter-defined limited access time frame (Crabbe et al., 2011). Because ethanol
access is limited to a relatively short period of time, one can more easily assess the effects of
pharmacological compounds on binge-like ethanol intake, especially in cases where the
actions of a drug are short-term (i.e., 4 hours or less). Further, as noted above, mice exhibit
behavioral intoxication with DID and similar dark cycle drinking procedures (Rhodes et al.,
2007; Sharpe et al., 2005). DID procedures do not require the inclusion of sweet compounds
to motivate high levels of ethanol intake. Numerous examples of how DID procedures were
employed in pharmacological experiments have been reviewed elsewhere (Sprow & Thiele,
2012). DID procedures have also been useful for assessing the effects of binge-like ethanol
drinking on central neurochemical activity (e.g., Lowery-Gionta et al., 2012; Sparrow et al.,
2012).
Perhaps one of the most salient advantages of the DID procedure is its high face validity in
terms of a model of human binge drinking, because mice exhibit binge-like drinking under
conditions of short-term oral ethanol intake. With other binge models, ethanol is
administered by the experimenter, such as by injection, gavage, or ethanol vapor exposure
(e.g., Bake et al., 2012; Becker & Lopez, 2004; Criado et al., 2011; Gilliam & Kotch, 1996;
Pandey et al., 2008), or animals are forced to consume ethanol by long-term fluid
deprivation or by including ethanol in a diet that is the sole source of nutrients (e.g., Cozzoli
et al., 2009; Roy & Pandey, 2002; Szumlinski et al., 2005), making their motivation to drink
ethanol questionable. Additionally, it is difficult to keep constant the pattern and amount of
ethanol consumed between animals using ethanol diet approaches. Most important, these
passive, forced, and potentially painful methods of administering ethanol may introduce
confounding variables in measurements under consideration.
The DID procedure was originally designed as a high throughput approach useful for
screening pharmacological targets that are protective against binge-like drinking and
identifying strains of mice that exhibit binge-like drinking (Rhodes et al., 2005). As noted
above, DID procedures are successful in promoting binge-like levels of ethanol intake with
as little as 2 to 4 hours of ethanol access per day and with as little as 2 days of training. The
simple and high throughput design of the DID procedure makes it ideally suited for
inclusion with other sophisticated techniques, such as studies involving optogenetic
manipulations, chronic indwelling catheters for administration of drugs or collection of
blood samples, or in vivo electrophysiological measures.
As a means of illustrating the usefulness of DID procedures, it is of interest to highlight
examples of how DID procedures have been successfully utilized to study neurobiological
responses resulting from prenatal ethanol exposure and voluntary binge-like ethanol
drinking in adolescent mice. Prenatal ethanol exposure in animal models typically involves
involuntary procedures such as gavage or injection (Bake et al., 2012; Gilliam & Kotch,
1996), which as noted above can entail confounding stressful effects. Recently, Boehm and
colleagues provided female C57BL/6J mice with 20% ethanol during pregnancy. They
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drank on average 4.2 to 6.4 g/kg of ethanol and achieved average BECs of 115 to 182
mg/dL. Interestingly, the offspring of ethanol-drinking dams showed reduced sensitivity to
ethanol-induced sedation at postnatal day (PND) 31 but not PND 91 (Boehm et al., 2008).
The adolescent period in mouse development is rather short, estimated to be between PND
28–42 (Spear, 2000). Thus, little time is available to accommodate binge-like drinking
procedures that require extensive habituation or training. The simple and high throughput
design of DID procedures has a clear advantage to studying binge-like ethanol drinking in
mice during the adolescent period, and several studies have already taken advantage of DID
procedures to study binge-like ethanol drinking in adolescent mice. For example, it was
demonstrated that adolescent C57BL/6J mice exhibited higher levels of binge-like ethanol
drinking relative to adult mice, and that adolescent mice were less sensitive to ethanol-
induced conditioned taste aversions, suggesting that greater binge-like ethanol drinking by
adolescent mice may be related to their reduced sensitivity to the aversive effects of ethanol
(Holstein et al., 2011). Additionally, adolescent binge-like ethanol drinking has been shown
to promote increased ethanol intake that lasts into adulthood in C57BL/6J (Moore et al.,
2010) and HS/Npt mice (Metten et al., 2011).
Considerations for the DID Model
While there are clear advantages to the DID procedure relative to other models of binge-like
ethanol consumption/exposure, there are potential limitations with the model which should
be considered. As noted above, the DID procedure takes advantage of a time in the animal’s
circadian rhythm associated with high levels of ingestive behavior. Clearly, administration
of ethanol within the animal’s dark cycle is a key component to the high level of ethanol
intake associated with DID procedures. In fact, we have noted that when C57BL/6J mice
were given access to 20% ethanol beginning 3 hours into the light cycle using DID-like
procedures, consumption of ethanol was less than 2 g/kg during 4 hours, and associated
BECs were less than 20 mg/dL (Lowery-Gionta et al., 2012). However, it is well recognized
that there are circadian fluctuations in neurophysiological activity, including in
neurochemical systems within the central nervous system that have been implicated in
binge-like ethanol drinking (Mitchell et al., 1998; Sprow & Thiele, 2012; Vidal & Lugo,
2006). Thus, studies aimed at understanding the neurobiology of binge-like ethanol drinking
utilizing DID procedures may yield results that are specific to the portion of the dark cycle
in which measures were collected. Assessing neurobiological responses to ethanol over the
course of the light:dark cycle may help shed light on this potential factor (though alternate
procedures, such as experimenter administration of ethanol, may be necessary as mice drink
less ethanol during the light phase).
Another concern, also related to the timing of ethanol access, is the potential impact of
binge-like ethanol drinking on food intake and body weight. Since mice consume binge-like
levels of ethanol to the point of intoxication during the time of day that they also consume
most of their food, it is possible that DID procedures may interfere with normal feeding
patterns, potentially compromising nutritional balance. This issue may be more salient in
experiments involving repeated use of DID procedures over days or weeks. Though short-
term food restriction did not alter the level of binge-like ethanol drinking with DID
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procedures (Lyons et al., 2008), it is feasible that more chronic perturbations in energy
balance stemming from long-term/repeated DID procedures could impact ethanol intake, as
well as any neurobiological measures under consideration. Thus, it may be prudent to
carefully track feeding and body weight if long-term DID procedures are employed.
Successful DID procedures (i.e., the ability of DID to motivate ethanol drinking to levels
that can promote BECs of 100 mg/dL or greater) appear to be relatively mouse strain
specific, and require the use of mice that exhibit high ethanol preference. Rhodes and
colleagues used DID procedures with a panel of 12 inbred strains of mice (Rhodes et al.,
2007). Of these strains, only C57BL/6J mice achieved BECs above 100 mg/dL. Thus, the
generalizability of observations generated with DID procedures to other strains or species
may be somewhat limited. In this regard, it will be important to compare findings from
mouse DID experiments with those obtained from a rat model of binge-like ethanol drinking
(see the article by Richard Bell in this issue). It is important to note that there is another
strain of mice that exhibits binge-like levels of ethanol intake. It was discovered that an F1
hybrid cross between C57BL/6J and FVB/NJ inbred mouse strains consumes more ethanol
than either progenitor strain (Blednov et al., 2005), and this hybrid strain exhibits robust
binge-like ethanol drinking with the DID procedure (Phillips et al., 2010).
The importance of selection of mouse background strain must also be kept in mind when
applying DID procedures to transgenic and knockout mouse models. In many cases,
genetically engineered mouse models are created on a background that will drink little to
moderate amounts of ethanol. For example, embryonic stem cells from substrains of 129
mice are commonly used in creating gene knockout mice, and these mice are then bred with
C57BL/6 mice to yield a hybrid (Gerlai, 1996, 2001). However, 129 substrain mice drink
modest amounts of ethanol (Belknap et al., 1993) and fail to exhibit binge-like levels of
ethanol intake or associated BECs with DID procedures (Rhodes et al., 2007). This potential
limitation may be overcome by backcrossing the transgenic or knockout model onto a
C57BL/6 background over multiple generations to yield mice that are on a nearly 100%
C57BL/6 genetic background. For example, we backcrossed a mutant mouse lacking normal
production of agouti-related protein (AgRP) to a C57BL/6J background for 8 generations,
and found that while littermate wild-type AgRP+/+ mice drank enough ethanol to achieve
BECs greater than 120 mg/dL over a 4-hour DID test, AgRP−/− mice drank less ethanol and
achieved BECs of around 80 mg/dL (Navarro et al., 2009). Similarly, Kaur et al.
backcrossed mutant mice lacking corticotropin releasing factor (CRF) or CRF receptors to a
C57BL/6 background for at least 8 generations and were successful in obtaining binge-like
ethanol drinking in these mice using DID procedures (Kaur et al., 2012).
It might be argued that high ethanol drinking with DID procedures stems from a change in
the taste reactivity to ethanol over the 2–4 days of ethanol access. Specifically, C57BL/6J
mice might develop reduced sensitivity to the aversive taste components of ethanol and thus
be willing to consume more ethanol. While this argument cannot be completely ruled out,
there is evidence that is contrary to this hypothesis. First, C57BL/6J mice show relatively
stable ethanol intake over the 4-day DID procedure (Rhodes et al., 2005). Additionally, if
mice develop reduced sensitivity to the aversive taste components of ethanol and this
contributes to increased binge-like ethanol intake, one would predict that binge-like ethanol
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drinking would gradually increase over the course of repeated DID procedures. However,
we recently reported that while repeated episodes of DID promoted significant increases of
subsequent 24-hour, 2-bottle voluntary ethanol intake, the level of binge-like ethanol
drinking did not increase, even after up to 10, 4-day DID episodes (Cox et al., in press).
One final potential limitation that may be present in the DID procedure is that with the
typical DID protocol, the water bottle is removed from the animal’s cage over the 2- to 4-
hour test. Thus, no choice for an alternate source of fluid is offered, raising the possibility
that the high levels of ethanol intake with DID procedures stems from the mice being forced
to choose between ethanol consumption or thirst resulting from fluid deprivation. However,
it has previously been argued that mice are not forced to drink ethanol over this short period
of water deprivation (Crabbe et al., 2011), because mice can choose not to drink ethanol at
all, and in fact many genotypes drink very little ethanol solution in the DID test (Rhodes et
al., 2007). Further, as discussed above, high ethanol intake with DID procedures is probably
not caused by postprandial thirst stemming from feeding (Lyons et al., 2008). Taken
together, it would appear unlikely that the high ethanol intake stemming from DID
procedures results from the lack of an alternative fluid choice that would prevent thirst.
However, this is still an unresolved issue that requires additional investigation.
Future Directions with DID Procedures
Additional research is needed to a) further characterize and potentially improve DID
procedures, b) understand the neurobiology and mechanisms that modulate binge-like
ethanol drinking with DID procedures, and c) discover ways to expand the utility of the DID
procedure. As noted above, much has been done to characterize the factors that influence the
level of binge-like ethanol drinking with DID procedures. Thus, providing 20% ethanol in
place of water for 2 to 4 hours beginning 3 hours into the dark cycle and the use of high
drinking strains of mice such as the C57BL/6 strain appear to be the most important factors
(Rhodes et al., 2005, 2007). Additionally, the pattern of ethanol drinking during DID
procedures has been described (Barkley-Levenson & Crabbe, 2012). Rhodes et al. varied the
time that ethanol was offered, up to 4 hours into the dark cycle (Rhodes et al., 2005), and it
would be of interest to assess start times over the remainder of the dark cycle. It might also
be of interest to determine if there are ways to further increase the level or likelihood of
binge-like ethanol drinking, while at the same time maintaining the simple and high
throughput approach. One possibility might be to combine DID procedures with other
techniques known to achieve increased ethanol intake. For example, Ryabinin and
colleagues included sucrose in an ethanol solution as a means of increasing limited-access
dark-cycle drinking in C57BL/6J mice (Ryabinin et al., 2003). Interestingly, including a
glucose + saccharin mixture to ethanol, often referred to as “supersac,” has been shown to
induce binge-like ethanol drinking in rats (Ji et al., 2008). Combining sucrose or the
supersac mixture with ethanol during DID procedures may further enhance binge-like
drinking and associated BECs, particularly when -strains of mice that are more moderate in
their ethanol consumption are studied. Additionally, offering multiple bottles of ethanol
(e.g., one containing 10% ethanol and a second containing 20% ethanol) has been shown to
induce higher levels of ethanol intake in mice relative to mice that are given a single bottle
of ethanol (Tordoff & Bachmanov, 2003), and an interesting possibility is that a multiple-
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bottle DID procedure may further enhance the level or likelihood of binge-like drinking and
associated BECs.
The neurobiological mechanisms that modulate binge-like ethanol drinking stemming from
DID procedures are not well understood and additional investigation is required. Numerous
neurochemicals have already been linked to binge-like ethanol drinking (see Sprow &
Thiele, 2012 for a review). It will be important to discover the neurocircuitry and systems
that are involved, what mechanisms are involved in the initiation and maintenance of binge-
like drinking, and what genetic factors promote binge-like ethanol drinking in some strains
but protect other stains from engaging in this behavior. It will also be important to
continually compare the results yielded from pre-clinical studies with DID procedures to
studies on human binge drinkers as a means of continued evaluation of the validity of this
model.
In studying the neurobiology of binge-like ethanol drinking, we have begun to ask if DID
procedures may also be useful for studying the neurobiology underlying the transition to
ethanol dependence (Thiele, 2012). The striking similarity between results obtained with
models of binge-like ethanol drinking in “non-dependent” animals (Lowery-Gionta et al.,
2012; Sparrow et al., 2012) and with models of dependence-like ethanol intake (Gilpin et al.,
2011; Roberto et al., 2010), with respect to neuroplasticity within the extended amygdala
CRF neurocircuitry, suggests the possibility that overlapping systems may be involved.
Theoretically, binge-like ethanol drinking with DID procedures may be modulated by
transient changes in central neurochemical systems that arise from high BECs. We speculate
that such changes are initially transient, but with repeated episodes of binge-like drinking,
these neuroplastic changes may become rigid, contributing to excessive dependence-like
drinking. Thus, by employing repeated episodes of DID ethanol access, it might be possible
to study the neurobiology underlying the transition to ethanol dependence. Reinforcing this
idea, as noted above we recently found that a history of repeated DID episodes promoted
subsequent increases of voluntary ethanol consumption (Cox et al., in press), an outcome
that is also observed in models of ethanol dependence (e.g., chronic intermittent ethanol
vapor exposure [Becker & Lopez, 2004]).
In summary, the DID procedure is an animal model of binge-like ethanol drinking that
promotes high levels of ethanol drinking and pharmacologically relevant BECs in ethanol-
preferring strains of mice. This limited access procedure takes advantage of the time in the
animal’s dark cycle in which ingestive behaviors are high, yet high ethanol intake does not
appear to stem from caloric need. Mice exhibit binge-like drinking under conditions of
short-term oral ethanol intake, eliminating the stressful and potentially painful effects
associated with binge models that require experimenter-administered ethanol. The DID
procedure is a high throughput approach that is useful for screening pharmacological targets
that are protective against binge-like drinking and identifying strains of mice that exhibit
binge-like drinking. DID is an ideal tool for studying the neurobiology and genetics
underlying binge-like ethanol drinking, and may be useful for studying the transition to
ethanol dependence.
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